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Abstrat
We alulate stop stop Higgs prodution at the linear ollider. Combining the measurements
from the pair prodution of the lightest stop and that of the mass of the Higgs we show how, in
a senario where only the lightest stop and the lightest Higgs were aessible, one ould extrat
the mass of the heavier stop and infer some useful information on the SUSY parameters.
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1 Motivation and stop mass parameters
The eluidation of the mehanism of symmetry breaking alongside the disovery of the
Higgs and the study of its properties are the prime motivations for the onstrution of
future olliders. It is well known that the standard desription of the Higgs setor in the
SM is unsatisfatory, while the implementation of SUSY provides an elegant solution
to the naturalness problem. Moreover SUSY an be made onsistent with all present
data [1℄ and oers as a bonus a suessful framework for the gauge ouplings uniation.
Contrary to the SM, SUSY predits an upper bound for the lightest Higgs, within reah
of the upoming LHC and linear olliders, and perhaps even LEP2 and the Tevatron.
One important ingredient is that the top-stop setor plays a ruial role in that it an
ontribute large radiative orretions to the tree-level mass of this Higgs [2, 3, 4, 5, 6℄.
Studying the top-stop onnetion to the Higgs and eletroweak symmetry breaking, SB,
is also important for a number of reasons. In many SUSY senarios, like the popular
mSUGRA [7℄, a heavy top an, very niely, triggers SB. Reently there has been a
renewed interest in the possibility of having a light stop, whih in many senarios an
be the lightest salar beside the Higgs. With strong ouplings to the Higgs a light stop
an make eletroweak baryogenesis work [8℄. In another ontext, it has been pointed out
that if the mixing in the stop setor is quite large together with the presene of a lightest
stop having a mass of the order of the top mass or less, it may be impossible to detet
the lightest Higgs through the lassi two photon deay at the LHC [9℄. Therefore, there
is learly ample motivation for the diret study of the stop-Higgs oupling. The latter
should be onsidered as important as the study of the tth vertex through e+e− → tth [10℄.
Beause the light stops that we will be onsidering will deay into hadrons, we feel that
for the preision measurements of the ouplings, a linear ollider [11, 12, 13, 14℄, espeially
with a high luminosity as is urrently planned [12℄, is best suited. Higgs radiation o light
stops at the LHC has been studied in [15℄ but not from the perspetive of the extration
of the SUSY parameters.
Our aim in the present paper is not only to give the ross setion for t˜1t˜1h prodution at
a moderate energy e+e− but also to inquire what we may learn from suh a measurement.
For instane one should ask whih SUSY parameters one an hope to extrat, espeially
when this proess is ombined with other measurements that will, for sure, be made at
the same mahine. This inludes t˜1t˜1 prodution and a prior determination of the Higgs
mass. To further strengthen our motivations we will be onsidering a senario where
besides the lightest Higgs, the lightest stop is the next-to-lightest SUSY partile. If this
senario ours then within a R-parity onserving model, beside the lightest neutralino
ating as the LSP, one may only observe the lightest stop, t˜1, and the Higgs in a rst stage
1
e+e− linear ollider. Although this may look meagre from the perspetive of disovery one
should inquire whether we an exploit the few ross setions and observables to extrat
some of the basi parameters of the model and hopefully infer some information on those
partiles whih are not diretly aessible. The purpose of this analysis is to show how
this ould be done by exploiting both indiret eets present in the radiative orretions
to the Higgs mass as well as a subdominant ross setion, e+e− → t˜1t˜1h whih a high
luminosity e+e− with a lean environment allows.
2 Stop parameters and e+e− → t˜1t˜1
To disuss the stop setor and dene our onventions, we turn to the weak eigenstate
basis where the mass matrix in the t˜L, t˜R involves the the SUSY soft-breaking masses:
the ommon SU(2) mass m˜Q˜3 and the U(1) mass m˜U˜3R , beside the mixing, m˜
2
t˜LR
m2t˜L = m˜
2
Q˜3
+m2t +
1
2
M2Z
(
1− 4
3
sin2 θW
)
cos(2β) (2.1)
m2t˜R = m˜
2
U˜3R
+m2t +
2
3
M2Z sin
2 θW cos(2β)
m2t˜LR = −mt
(
At +
µ
tan β
)
(2.2)
One sees that apart from the soft SUSY-breaking parameters: m˜Q˜3, m˜U˜3R and the
tri-linear top term (At), there appears also the ubiquitous tan β and the higgsino mass
term µ. In priniple tanβ and µ ould be reonstruted from a study of hargino and
heavy neutralino ross setions [16, 17, 18℄ but in the senario that we are investigating
with only a light Higgs and a light stop beside the LSP
2
, these may not be aessible
3
.
However, non observation of an unstable hargino/neutralino would mean that |µ| and
|M2| (the gaugino mass parameter) are large. We will take this onstraint into aount.
The stop mass eigenstates are dened through the mixing angle θt˜, with the lightest stop,
t˜1,
t˜1 = cos θt˜ t˜L + sin θt˜ t˜R (2.3)
In our ase, sine we are aiming at reonstruting the physial masses, we nd it useful
to express the mixing angle as:
sin(2θt˜) =
2 m2
t˜LR
m2
t˜1
−m2
t˜2
(2.4)
2
This will then be mostly a bino.
3
Of ourse, by the time the LC is running one may have some useful information on the SUSY
parameters from the LHC, for instane.
2
The tree-level amplitude for t˜1 pair prodution with a left-handed (right-handed) ele-
tronML(R) may be written as [19, 20℄:
ML = M0
(
2
3
+
1
s2W c
2
W
(
1
2
− s2W
)(
1
2
cos2 θt˜ −
2
3
s2W
)
s
s−M2Z
)
MR = M0
(
2
3
− 1
c2W
(
1
2
cos2 θt˜ −
2
3
s2W
)
s
s−M2Z
)
(2.5)
M0 is ompletely given in terms of gauge ouplings. With sin2 θW = 1/4 and s≫M2Z ,
for the t˜1 this simplies to
ML ≃ 2
3
M0
(
2
3
+ cos2 θt˜
)
MR ≃ 2
3
M0
(
4
3
− cos2 θt˜
)
(2.6)
We see that from the e+e− → t˜1t˜1 ross setion only the cos2 θt˜ an be measured.
Previous studies and simulations (see for instane [11, 21, 22℄) have shown that with a very
moderate luminosity this angle ould be measured at the few per-ent level (≃ 3 − 4%),
with the high-luminosity envisaged by the new TESLA design (500 fb
−1
), we an do muh
better
4
. Although this measurement of the osine will ome with a sign ambiguity we will
see that in fat, for most ases of interest, one only needs the square of the osine for the
alulation of the t˜1t˜1h ross setion. The unpolarised t˜1t˜1 ross setion is (for a xed stop
mass) lowest for cos2 θt˜ = 1/3. For this value, the L and R ross setions are equal. For
larger cos2 θt˜ prodution with a left-handed eletron dominates. Inidentally, as we will
disuss the same beam polarisation whih makes the t˜1t˜1 largest makes the t˜1t˜1h larger
also. From a threshold san we an easily infer the (physial) mass of the stop, whereas
from the absolute value of the ross setion or a ratio of the left-handed/right-handed
ross setion one an measure cos2 θt˜ [19℄. In priniple, depending on the mass of the stop
and its deays one an also extrat useful information and onstrain some parameters [22℄.
To set an order of magnitude for the ross setion, we see that one should expet ross
setions of the order of 100 fb at 500 GeV entre-of-mass energy.
3 e+e− → t˜1t˜1h prodution
e+e− → t˜1t˜1h prodution proeeds via three kinds of diagrams (See Fig. 1). The most
important is a bremsstrahlung of a Higgs o t˜1 and involves the t˜1t˜1h vertex (Diag. 14 in
4
We also note that for a given cos
2 θt˜ the preision on its measurement improves as 1/
√L, assuming
that the experimental error is set by the statistis. Ultimately one needs a simulation similar to [21℄ that
takes into aount the impat of the QCD radiative orretions [23, 24℄ together with ISR and exploiting
the benets of polarisation in the environment of a high luminosity option of the LC.
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Figure 1: Feynman graphs ontributing to e+e− → t˜1t˜1h.
Fig. 1). One also has the onversion of t˜2 to t˜1 whih involves the t˜2t˜1h vertex. Though this
ontribution turns out to be small there are some regions in the parameter spae where
this ontribution an not be negleted. One last type, whih we nd to be ompletely
negligible is hZ∗ prodution with Z∗ → t˜1t˜1. The latter an be predited preisely one
e+e− → Zh and e+e− → t˜1t˜1 have been measured, but as said this ontribution is
totally negligible. The fat that the ross setion is dominated by the bremsstrahlung o
the lightest stop explains why the eet of beam polarisation on this proess is almost
the same as that on the light stop pair prodution. Sine diagrams involving t˜1t˜1h are
dominant and ould allow to reonstrut the mass of the t˜2 let us study this vertex in
detail.
3.1 The t˜1t˜1h vertex
The stop-stop Higgs ouplings, like the stop mass matrix, emerge essentially from the
F-terms in the salar potential (there is a residual D term omponent ∝ M2Z). With the
angle α in the Higgs mixing matrix, the t˜1t˜1h oupling is (we write the potential)
Vt˜1 t˜1h = −g
mt
MW
cosα
sin β
(
(A⋆t − µ tanα) sin θt˜ cos θt˜ − mt
+
M2Z
mt
sin β
cosα
sin(α + β)
((
1
2
− 2
3
sin2 θW
)
cos2 θt˜ +
2
3
sin2 θW sin
2 θt˜
))
(3.7)
The vertex does involve some important parameters whih stem from the Higgs setor,
4
notably the angle α. Sine we will be working in a senario where at 500 GeV only the
lightest Higgs has been observed, we are in the the deoupling limit of largeMA. Atually
it has been shown that this deoupling limit is reahed for very moderate masses of
MA [25℄. In this limit and up to radiative orretions we have,
tanα tan β = −1 (3.8)
This suggests to write,
tanα tan β = −(1 + r) with r ≪ 1 (3.9)
where r ollets allMA dependene and other radiative orretions whih also our in the
omputation of the Higgs masses. We will return to the issue of how small r is and what
parameters inuene r, but for the moment let us observe that for small r, the oupling
as written in Eq. (3.7) may be ast into
Vt˜1 t˜1h = +gR
1
MW
{
m2t + sin θt˜ cos θt˜
(
sin θt˜ cos θt˜(m
2
t˜1
−m2t˜2)−
mt µ r
tanβ
)
+ M2Z((2 + r) cos
2 β − 1)
((
1
2
− 2
3
sin2 θW
)
cos2 θt˜ +
2
3
sin2 θW sin
2 θt˜
)}
with R =
cosα
sin β
and R2 =
1 + tan2 β
1 + tan2 β + r2 + 2r
R ≃ 1− r
1 + tan2 β
(3.10)
We see that in the limit r ≪ 1 where r is negleted, the t˜1t˜1h very muh simplies
when written in terms of the measurable parameters mt˜1 , mt˜2 and cos
2 θt˜. It is important
to realize that negleting the orretion due to r, the oupling no longer depends on µ.
Notie also that Eq. (3.10) shows that this orretion is redued as tan β gets larger.
However as tan β gets larger (tanβ > 25) eets of the sbottoms in orreting both the
vertex and the predition of the Higgs mass start beoming non negligible (r may not be
negleted in this ase). Disarding the r orretion altogether, we end up with a ompat
formula where the only two unknowns (one e+e− → t˜1t˜1 has been measured) are tan β
and mt˜2 , the mass of the heavier stop. In this approximation we get
Vt˜1 t˜1h ≃
g
MW
{
sin2 θt˜ cos
2 θt˜ (m
2
t˜1
−m2t˜2) + m2t
+ M2Z cos(2β)
((
1
2
− 2
3
sin2 θW
)
cos2 θt˜ +
2
3
sin2 θW sin
2 θt˜
)}
(3.11)
It should be further notied that the expliit tan β dependene in the vertex an
be onsidered as subdominant ompared to the m2t term. This remaining small D-term
ontribution is mildly dependent on tan β, so long as tan β > 2, and for values of the stop
masses and mixing suh that there is a measurable t˜1t˜1h ross setion (see below). Of
5
ourse, the Higgs mass does depend quite strongly on tan β and this is where the main
tan β dependene at the level of the t˜1t˜1h ross setion may be felt. We have veried
expliitly that the use of Eq. (3.11) is exellent as ompared to the exat (fully orreted)
vertex. The approximation is always within 2% for all values of the stop masses and
mixings that give an observable t˜1t˜1h ross setion at a high luminosity linear ollider, as
long as tanβ < 25 for a wide san on the sbottom masses and µ. The vertex thus hardly
shows a sensitivity to µ. We also onrm that the tan β dependene in the vertex is also
hardly notieable and thus onsidering the statistial error with whih the ross setion
of interest will be measured the vertex will depend essentially on the heavier stop mass
(after inputing the mixing angle and the lightest stop mass.)
Eq. (3.11) makes it lear that the vertex (and hene the ross setion) will be largest
for maximal mixing, sin2 2θt˜ ∼ 1 (cos θt˜ ∼ 0.7). There also ours a sharp dip in the
vertex (that will also be reeted in the ross setion) when the stop ontribution and
that of the top anel eah other. This ours for values of the mixing angle suh that:
sin2 2θt˜ ≃
4m2t
m2
t˜2
−m2
t˜1
(3.12)
On the other hand when the mixing is negligible, the vertex is aounted for almost
entirely by the top mass and therefore has the same strength as the tth vertex. In this
situation we expet that if the mass of the lightest stop and that of the top are of the
same order so would the ross setions for tth and t˜1t˜1h prodution. Indeed the tth vertex
has strength
Vtth =
g
2MW
R mt (3.13)
Assoiated prodution of Higgs with tops has been studied previously [10℄. As an aside,
oming bak to the issue of the large tan β and the issue of the sbottom ontamination
in the orretion to the vertex and the Higgs mass, it is worth pointing out that this
entails a not so negligible r. However, the latter may be measured in the ouplings of the
Higgs to fermions and bosons. In fat in this ase the best way to measure r would be
through a preision measurement of the Higgs deay into bb¯, whih involves the oupling
R′ = R(1 + r) whih is more sensitive to r than R is, beside the fat that the h → bb¯
would have by far the best statistis. In the same vein note that Zh prodution may
not serve as a good measure of r despite its statistis sine the ZZh vertex has a (small)
quadrati dependene in r:
sin2(α− β) ≃ 1 − r2 tanβ
2
(1 + tan β2)2
(3.14)
Therefore if r is not so small it ould be extrated from measurements of the Higgs
6
ouplings to bb¯ say5, this an then be ombined with the measurements of the ross
setions that we are onsidering and the Higgs mass to onstrain the SUSY parameters.
There is another remark to make. As we pointed out above, measurement of stop pair
does not measure the absolute value of cos θt˜ but only cos
2 θt˜. It is gratifying to see that if
one neglets the small orretion mt µ r/ tanβ, the t˜1t˜1h vertex depends on the quantity
sin2 θt˜1 cos
2 θt˜1 , that is the squares of the mixing in the stop parameters whih is exatly
what is measured from t˜1t˜1 prodution. This with the fat that the t˜1t˜1h vertex ombines,
at the amplitude level, with t˜1t˜1Z whih is proportional to cos
2 θt˜ − 4/3 sin2 θW (and the
t˜1t˜1γ whih is independent of the mixing angle) means that the sign of cos θt˜ whih is
not measured in stop pair prodution is not ritial in omputing the the t˜1 exhange
diagrams in the deoupling limit.
3.2 Inuene of the t˜2 exhange diagrams
A similar onlusion holds for the amplitudes involving t˜2 exhange. Indeed, the t˜1t˜2h
vertex may be ast into
Vt˜1 t˜2h = +gR
1
MW
{
cos 2θt˜
4
(
sin 2θt˜ (m
2
t˜1
−m2t˜2)−
2mt µ r
tanβ
)
+ M2Z sin 2θt˜ (cos 2β + r cos
2 β)
(
2
3
sin2 θW − 1
4
)}
(3.15)
Within the approximation of negleting the r terms, when ombined with the t˜1t˜2Z
vertex the full t˜2 exhange diagram only requires the knowledge of cos
2 θt˜.
Note that the term in m2t does not appear in the o-diagonal vertex. In the large mt˜2
limit where the vertex grows large the mt˜2 dependene is o-set by that of the propagator.
The t˜2 ontribution though muh smaller than that of the dominant t˜1 exhange diagrams
may not always be negleted. For instane take the ase of a entre of mass energy of
500 GeV, with µ =400 GeV. With tanβ = 10, cos θt˜ = 0.4 and mt˜1 =800 GeV we nd
a total ross setion of 0.78 fb, of whih 90% is aounted for by the t˜1 diagrams alone.
The t˜2 diagrams by themselves are more than two orders of magnitude smaller, while
the Zh type is a further two orders of magnitude smaller. We nd that there are points
in the parameter spae where through interferene the t˜2 diagram should be taken into
aount, while the Zh-type is invariably always negligible. This said one should take into
aount that the ross setions are rather small and even for a high luminosity of 500 fb
−1
negleting the t˜2 ontribution hardly amounts to more than a 2σ deviation, assuming an
eieny of 50%.
5
A similar onlusion was reahed in [26℄ who onsidered an expansion of the Higgs ouplings in 1/MA
and 1/ tanβ.
7
3.3 The Higgs mass dependene and measurement of tanβ
We have argued that for values of the stop masses and mixings whih entail a large enough
stop-Higgs oupling and hene a large ross setion, the tan β dependene in the vertex
is negligible. However, the Higgs mass ruially depends on this parameter, beside the
orretions to the tree-level formula whih involve the stop parameters. In our alulation
we have taken tanβ, mt˜1 , mt˜2 , cos θt˜ and µ as input parameters. This allows to alulate
both the verties and the Higgs mass in the deoupling limit and with the assumption
of vanishing sbottom ontributions whih we found to hold very well so long as tan β is
smaller than ∼ 25. In this ase the same parameters that speify the t˜1t˜1h vertex x the
Higgs mass
6
. Although in our analysis we have used numerial formulae for the orreted
Higgs mass (based on [3℄, but with a running top mass to eetively inorporate the
leading two-loop orretions [4℄
7
), to exhibit the dependene of the Higgs mass on the
stop parameters and help in the disussion, it is instrutive to appeal to the following
one-loop approximation (where also the mass of the top is understood as running [5℄).
m2h = M
2
Z cos
2(2β) +
3α
4pi sin2 θW
m¯4t
M2W
(
log
(
m2
t˜1
m2
t˜2
m4t
)
+
(
sin2 θt˜ cos
2 θt˜
(m2
t˜1
−m2
t˜2
)
m2t
)2
× f(m2t˜2 , m2t˜1)
+2 sin2 θt˜ cos
2 θt˜
(m2
t˜1
−m2
t˜2
)
m2t
log(m2t˜1/m
2
t˜2
)
)
f(x, y) = 2− (x+ y)/(x− y) log(x/y) (3.16)
The latter analytial approximation shows that the ombinations that enter in the t˜1t˜1h
and the Higgs mass are the same and most importantly that there is no µ dependene. In
fat, the numerial estimates show a very mild µ dependene (in the limit of no sbottom
ontributions). Varying |µ| from 400 GeV to 1 TeV hanges the Higgs mass by a few per-
mil. The lower value of 400 GeV was set so that higgsinos are too heavy to be produed
at a 500 GeV e+e−.
3.4 Constraints from low Higgs masses, ∆ρ, the inuene of sbot-
toms and CCB
Large values of the t˜1t˜1h vertex whih lead to the largest ross setions our for maximal
mixing with a large splitting between the two stop physial masses. It is, however, for this
6
This is to be expeted: utting the one-loop diagram ontributions to the Higgs mass from the
top-stop setor gives the verties that enter the alulation of e+e− → t˜1t˜1h.
7
A more omplete analysis needs to inorporate the results of more omplete two-loop orretions [6℄.
8
onguration that one has some strong onstraints whih prelude the highest values of
the ross setion. For instane, one has to be weary that imposing a lower bound on the
Higgs mass, from its non observation at LEP2 say, an restrit drastially the cos θt˜−mt˜2
parameter spae. This onstraint is very muh dependent on tan β. Muh less dependent
on tan β but a quiet powerful one, for the values of mt˜1 that we have entertained, is the
onstraint oming from ∆ρ [27℄. Taking the present limit ∆ρ < 0.0013 appliable to New
Physis with a light Higgs [1℄, whih here means essentially the ontribution from stops
and sbottoms (and marginally the Higgs setor in our deoupling senario
8
) generally
exludes region of the parameter spae where the t˜1t˜1h is largest. In implementing the
onstraint from ∆ρ we have taken mb˜1 =300 GeV and sanned over µ as above. In our
study the mixing in the sbottom has always been assumed to be zero.
To illustrate the eet of these onstraints, let us onentrate on the ase study at
500 GeV withmt˜1 =120 GeV with the requirement thatmb˜1 =300 GeV. Formt˜2 =700 GeV,
the lower bound mh > 90 GeV means that maximal mixing for large tan β, say tanβ = 10,
is exluded: we nd that the range 0.67 < cos θt˜ < 0.73 is not ompatible with this lower
bound on the Higgs mass, whereas for tanβ = 2 the allowed range is 0.17 < cos θt˜ < 0.53
and 0.85 < cos θt˜ < 0.99. ∆ρ exludes the range 0.54 < cos θt˜ < 0.94 and 0.98 < cos θt˜ < 1
(almost independent of tan β). Putting the two onstraints, mh > 90 GeV, ∆ρ < 0.0013,
together means that the allowed range is
• tanβ = 10 0. < cos θt˜ < 0.54 and 0.94 < cos θt˜ < 0.98
• tanβ = 2 0.17 < cos θt˜ < 0.53 and 0.94 < cos θt˜ < 0.98 (3.17)
For large tanβ the onstraint omes essentially from ∆ρ whereas for tan β = 2 the
onstraint is from the Higgs mass. As the mass of the heavier stop inreases these ranges
narrow. For instane the above limit of 0.54 for tanβ = 10moves to .48 formt˜2 = 800GeV.
On the other hand for moderate values of the mixing angle, all of the above onstraints
onstitute mild restritions. For instane for cos θt˜ = 0.4, the only stritest ondition
stems from the Higgs mass. For tan β = 10, this means that we should restrit ourselves
to mt˜2 < 900 GeV. For tan β = 2 one has room in the range 450 < mt˜2 < 830 GeV.
Similar onstraints hold for the analysis at
√
s = 800 GeV. Stiking tomt˜1 = 250 GeV and
mb˜1 = 400 GeV we nd that for cos θt˜ = 0.4 the onstraints are mild and are set by the
Higgs mass. For tan β = 10(2) one has mt˜2 < 1060(1000) GeV, this still allows to probe
700 < mt˜2 < 1000 GeV. This said we will see that taking these onstraints into aount
still allows for healthy ross setions espeially with a high luminosity linear ollider.
To be onsistent, if we stik to our senario that no sbottom has been observed one
8
For light stops in the deoupling limit the sbottom-stop ontribution when substantial gives a positive
ontribution, whereas the Higgs setor ontributes a negligible negative ontribution.
9
should take into aount that one has a lower bound on the sbottom mass, say half the
enter of mass energy. However, equality of the SU(2) squarks masses means that it is
not always possible to have a light stop mass while maintaining the lightest sbottom to
be muh heavier than the lightest stop. Indeed sine we are requiring the mixing angle in
the sbottom setor to be small so that any residual sbottom dependene in the Higgs and
t˜1t˜1h is small, one of the two sbottom masses sets the mass of the ommon SU(2) squark
mass, up to D-terms. Therefore when t˜1 is mostly t˜L (cos θt˜ ≃ 1) its mass approahes
the ommon SU(2) mass when one allows for the top mass ontribution. Therefore for
cos θt˜ ≃ 1 it is generally diult to onile a very light stop with a muh heavier sbottom
whih would not have been pair produed. The onstraint from the sbottom mass requires
cos θt˜ < 0.88 and thus redues the possible parameter spae in Eq. (3.17) very little: the
range 0.94 < cos θt˜ < 0.98 will not be allowed. Nonetheless in this situation where the
left-handed sbottom may be produed, its mass together with the measurements made in
e+e− → t˜1t˜1 may be used to extrat mt˜2 .
One more onstraint one needs to mention. In the stop setor and in the presene of
large mixing as is the ase here, one often has to hek whether the parameters do not
indue olour and harge breaking global minima (CCB). An approximate ondition for
this not to happen requires that [28℄
A2t < 3
(
m˜2
Q˜3
+ m˜2
U˜3R
+ (M2A +M
2
Z) cos
2 β − 1
2
M2Z
)
(3.18)
This onstraint an sometimes slightly redue the parameter spae allowed by ∆ρ and
the Higgs mass limit, as in Eq. (3.17). However, it has been argued that this ondition
may be too restritive [29℄. It was shown that for a wide range of parameters, the global
CCB minimum beomes irrelevant on the ground that the time required to reah the
lowest energy state exeeds the present age of the universe. Taking the tunneling rate
into aount the above onstraint Eq. (3.18) is very muh relaxed and an be replaed by
the mild approximate onstraint [29℄:
A2t + 3µ
2 < 7.5(m˜2
Q˜3
+ m˜2
U˜3R
) (3.19)
When presenting our results we will, unless otherwise stated, impose the limits mh >
90 GeV, ∆ρ < 0.0013 together with the mild CCB onstraint and the non observation of
sbottoms at the appropriate entre of mass energies.
4 Results and Conlusions
The alulation has been done by using the pakage GRACE-SUSY [30℄ for the automati
alulation of SUSY proesses properly adapted to inlude the radiative orretions to the
10
Higgs mass and its ouplings.
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Figure 2: t˜1t˜1h ross setion at
√
s = 500 GeV as a funtion of mt˜2 for a xed value of
the mixing angle: cos θt˜=0.4 and mt˜1 = 120 GeV. Right-handed eletron polarisation is
hosen.
We start by desribing a general feature of the ross setion whih is almost inde-
pendent of the entre-of-mass energy and the input parameters: the hoie of the initial
polarisation. This hoie very muh depends on the value of the mixing angle and is
ontrolled almost exlusively by the t˜1t˜1 ross setion. This is easy to understand sine
t˜1t˜1h is dominated by Higgs bremsstrahlung of t˜1. Therefore one the stop mixing an-
gle has been measured one should, for the purpose of enhaning t˜1t˜1h, hoose the most
appropriate polarisation whih is also beneial for t˜1t˜1 prodution. For example, for
cos2 θt˜ < 1/3 right-handed polarisation is best. Let us now turn to how large ross se-
tion we should expet at a 500 GeV ollider. Beause of the redued phase spae we have
studied the ase with mt˜1 = 120 GeV
9
. We will omment briey on how our results hange
9
The present Tevatron limit is 122 GeV [31℄ but depends strongly on the assumed mass of the LSP
11
Figure 3: Same as in the previous gure with tan β = 5 and mt˜1 = 150, 170 GeV.
for higher masses. Fig. 2 shows that the expeted yield depends strongly on the mass of
the heavier stop for a moderate value of the stop mixing angle, cos θt˜ = 0.4 ompatible
with all the onstraints set in the previous setion. The gure shows that for all values
of tanβ there is a sharp dip in the ross setion. The latter dip orresponds to values of
θt˜ as given by Eq. (3.12) where the t˜1t˜1h vanishes. However the ross setion piks up
quikly and for t˜2 masses larger than 550−600 GeV the ross setion is larger than 0.1 fb,
whih is at the limit of observability with a luminosity of 50 fb
−1
and should be learly
observable with the high-luminosity TESLA option of 500 fb
−1
. In fat, for yet larger
stop masses, mt˜2 = 800 GeV the ross setion is about 1 fb. These values depend very
little on tanβ whose eet is in fat reeted in the phase spae beause of its inuene
on the Higgs mass and therefore lower values of tan β (with all other parameters xed)
give slightly larger ross setions sine they are assoiated with lower Higgs masses. Note
that although the eet ours for a value of the ross setion too small to be observed,
the loation of the dip does show a slight tan β dependene. This is not surprising sine
neutralino and also on the mixing angle. Taking the LSP to be heavier than 37 GeV, this limit disappears.
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this eet ours when the stops and top ontributions in the vertex anel eah other
and hene the small D term ontribution may give a small ontribution. At 500 GeV
the issue of phase spae is ruial. Inreasing the mass of the lightest stop, the ross
setion drops rather dramatially. For instane, we show in Fig. 3 the ross setion with
mt˜1 = 150 GeV and mt˜1 = 170 GeV for tan β = 5. We an see that ompared to the
ase with mt˜1 = 120 GeV the ross setion drops by almost an order of magnitude for
the favorable value of mt˜2 = 800 GeV. Inreasing yet further only slightly the mass of the
lightest stop, there is no hope of observing this proess espeially with a luminosity of
50 fb
−1
. For higher mt˜1 one needs to go to higher energies. We illustrate this for the ase
of a 800 GeV entre-of-mass energy, see Fig. 4. At this energy one an hope to observe this
proess for mt˜1 = 250 GeV if the mass of the heavier stop is large enough. Alternatively,
from the perspetive of the extration of the SUSY parameters, as the lightest stop gets
heavier than the top more and more deay hannels open up, most importantly t˜1 → tχ˜01
whih an also provide some information on the SUSY parameters. Note also that in all
the study we onduted we have not onsidered values of the t˜2 mass suh that it an
be produed in assoiation with t˜1 sine in this ase one an have a diret measurement
of the heavier stop mass. In this ase t˜2t˜1 an also trigger Higgs prodution through the
deay of the heavier stop to the lighter one and a Higgs, t˜2 → t˜1h, given appropriate
values of the supersymmetri parameters.
Fig. 5 makes lear whih values of the heaviest stop an be extrated from a measure-
ment of t˜1t˜1h. Note that for a no-mixing senario the ross setion although relatively
large does not allow an extration of the heavier stop mass. In this situation the ver-
tex is dominated by the top mass only and explains why the ross setion is of the
same order of magnitude as the tth ross setion. For large values of cos θt˜ (0.95), there
is still a sensitive mt˜2 dependene. In this partiular ase however large values of mt˜2
(mt˜2 > 900 GeV, see Fig. 5) are not allowed due the ∆ρ onstraint. Moreover in this
senario SU(2) symmetry on the squark masses requires a sbottom light enough to be
produed at 500 GeV, as explained above this allows an alternative measurement of mt˜2 .
Note one again the dramati dip orresponding to Eq. (3.12). With a luminosity of
500 fb
−1
and 50% detetion eieny a 3σ measurement of the t˜1t˜1h ross setion for a
ross setion of 0.3 fb restrits the mass of the heaviest stop to 694 < mt˜2 < 737 GeV for
a mixing angle cos θt˜ = 0.4. With the requirement of 10 raw events, a high luminosity
e+e− will allow to probe mt˜2 > 550(650) GeV for cos θt˜ = 0.4(0.95). We also see that for
cos θt˜ = 0.95 mt˜2 < 500 GeV an be probed. Of ourse unless there is very little mixing
for mt˜2 < 400 GeV the heavier stop will be disovered through t˜1t˜2 prodution.
By ombining the Higgs mass measurement and that of the t˜1t˜1h, after having mea-
sured the stop mixing angle and the mass of the lighter stop in e+e− → t˜1t˜1, it ould
13
Figure 4: Same as in the previous gure but at
√
s = 800 GeV for tanβ = 10 and three
representative values of mt˜1 . Note that for mt˜1 = 150 GeV we only onsider t˜2 masses
above threshold for t˜1t˜2 prodution.
be possible to extrat both mt˜2 and tan β. This is shown in Fig. 6 for cos θt˜ = 0.4. A
rough estimate based on a 3σ measurement of the t˜1t˜1h ross setion indiates that an
indiret measurement of both mt˜2 and tan β ould be ahieved at the 5% level. To give a
more realisti indiation of how well the extration of these parameters an be ahieved
a thorough investigation is needed. Experimentally one needs to determine how preise
the mass of the lightest stop and the mixing an be extrated from t˜1t˜1 prodution in a
senario where t˜1 → cχ˜01 almost exlusively. The issue of signatures and bakground is
ruial. An analysis has been arried in [21℄. For the parameters that we have onsidered
we have veried that t˜1 deays almost exlusively into cχ˜
0
1 [32℄
10
. It is also essential to
inlude the eets of radiative orretions and hek that the latter an still allow the
extration of the mixing angle. Indeed these orretions an introdue a few parameters
10
For a omparison between the three-body and the two body cχ˜01 deays of t˜1 and a general disussion
of t˜1 deays see [20, 33℄.
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Figure 5: Extration of the heavier stop mass from t˜1t˜1h. The gure gives the ross
setion at a entre-of-mass energy of 500 GeV as a funtion of the heavier stop mass
and for dierent mixing angles. The 3σ measurement of the mass for a mixing angle
cos θt=0.4 is also shown assuming a luminosity of 500 fb
−1
and 50% detetion eieny.
We have hosen the polarisation of the e+e− suh that one gets the largest ross setion.
For cos θt˜=0.4,0.01 we took right-handed eletrons whereas for 0.95 we took left-handed
eletrons. Note that for the latter, the urve does not extend beyondmt˜2 ≃780 GeV beause
of the onstraint from ∆ρ.
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Figure 6: Extration of the heavier stop mass and tanβ by ombining the measurement
of the ross setion t˜1t˜1h (with right-handed eletrons) with that of mh at 500 GeV for
cos θt˜ = 0.4 and mt˜1 = 120 GeV.
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that should be disentangled from the cos θt˜ dependene. For instane, it has been shown
that though the gluoni orretions does not distort the cos θt˜ dependene, there is a slight
distortion whih depends on the gluino mass [24℄. The latter ontribution does however
derease with inreasing gluino mass. Therefore, in our senario either the gluino is light
and hene its mass measured and in whih ase this ould be inluded in the simulation
or it is heavy in whih ase it gives a slight ontamination to the mixing angle determi-
nation. As for the use of mh, one should stress that we have used an improved one-loop
approximation that involves only the stop parameters. A thorough investigation should
inlude the full two-loop orretions at least [6℄. For some region of the parameter spae,
these unfortunately require the knowledge of other SUSY parameters. Espeially in the
extration of the parameters as illustrated in Fig. 6, one should take this into aount
as a theoretial error, like the neglet of higher order orretions to the Higgs mass. In
any ase, the present analysis should at least give a rough indiation of how to indiretly
extrat the heavy stop mass and tan β, provided these parameters yield a large enough
ross setion. Remark also that, as Fig. 6 shows, for tanβ > 3, mt˜2 is given pratially
exlusively by the t˜1t˜1h ross setion and therefore one ould, in a rst approximation for
suh values of tanβ, make do without a preise knowledge of mh. We should also men-
tion that within the senario we have pursued e+e− → t˜1t˜1Z an also provide a similar
information [34℄ and thus an be used to further strengthen the onlusion of the present
analysis. In most part of the present analysis we have not put the LHC in the piture. It
is lear that some of the parameters disussed here and perhaps more than those disussed
here ould also be measured at the LHC. For instane a heavy stop with a mass up to a
TeV an be produed and its mass measured. For the senarios we have been entertaining
in this paper, these heavier stop ould trigger Higgs prodution through their deay into
the lighter stop and a Higgs. For some of these ongurations the lassi Higgs prodution
through two-gluon with the subsequent deay of the Higgs into two photon an be muh
suppressed [9℄. Heavier stop prodution an then, among other proesses, serve as an
alternative to Higgs prodution [35℄.
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